Protease inhibition by serpins requires a large conformational transition from an active, metastable state to an inactive, stable state. Similar reactions can also occur in the absence of proteases, and these latency transitions take hours, making their time scales many orders of magnitude larger than are currently accessible using conventional molecular dynamics simulations. Using a variational path sampling algorithm, we simulated the entire serpin active-to-latent transition in all-atom detail with a physically realistic force field using a standard computing cluster. These simulations provide a unifying picture explaining existing experimental data for the latency transition of the serpin plasminogen activator inhibitor-1 (PAI-1). They predict a long-lived intermediate that resembles a previously proposed, partially loop-inserted, prelatent state; correctly predict the effects of PAI-1 mutations on the kinetics; and provide a potential means to identify ligands able to accelerate the latency transition. Interestingly, although all of the simulated PAI-1 variants readily access the prelatent intermediate, this conformation is not populated in the active-to-latent transition of another serpin, α 1 -antitrypsin, which does not readily go latent. Thus, these simulations also help elucidate why some inhibitory serpin families are more conformationally labile than others. T he serpin plasminogen activator inhibitor 1 (PAI-1) negatively regulates blood clot clearance (fibrinolysis) by mechanically inhibiting important serine proteases, including tissue type plasminogen activator and urokinase type plasminogen activator (1). Suicide inhibition, initiated by proteolytic cleavage of the PAI-1 reactive center loop (RCL), requires insertion of the cleaved RCL into the central β-sheet (sheet A). This process expands sheet A, inhibits the covalently attached protease by mechanical disruption of the active site (2), and results in a thermodynamically stable serpin conformation. Alternatively, PAI-1 can spontaneously deactivate by inserting its intact, uncleaved RCL into sheet A, resulting in the more stable but inactive latent conformation (1) (Fig. 1) .
Protease inhibition by serpins requires a large conformational transition from an active, metastable state to an inactive, stable state. Similar reactions can also occur in the absence of proteases, and these latency transitions take hours, making their time scales many orders of magnitude larger than are currently accessible using conventional molecular dynamics simulations. Using a variational path sampling algorithm, we simulated the entire serpin active-to-latent transition in all-atom detail with a physically realistic force field using a standard computing cluster. These simulations provide a unifying picture explaining existing experimental data for the latency transition of the serpin plasminogen activator inhibitor-1 (PAI-1). They predict a long-lived intermediate that resembles a previously proposed, partially loop-inserted, prelatent state; correctly predict the effects of PAI-1 mutations on the kinetics; and provide a potential means to identify ligands able to accelerate the latency transition. Interestingly, although all of the simulated PAI-1 variants readily access the prelatent intermediate, this conformation is not populated in the active-to-latent transition of another serpin, α 1 -antitrypsin, which does not readily go latent. Thus, these simulations also help elucidate why some inhibitory serpin families are more conformationally labile than others. T he serpin plasminogen activator inhibitor 1 (PAI-1) negatively regulates blood clot clearance (fibrinolysis) by mechanically inhibiting important serine proteases, including tissue type plasminogen activator and urokinase type plasminogen activator (1) . Suicide inhibition, initiated by proteolytic cleavage of the PAI-1 reactive center loop (RCL), requires insertion of the cleaved RCL into the central β-sheet (sheet A). This process expands sheet A, inhibits the covalently attached protease by mechanical disruption of the active site (2) , and results in a thermodynamically stable serpin conformation. Alternatively, PAI-1 can spontaneously deactivate by inserting its intact, uncleaved RCL into sheet A, resulting in the more stable but inactive latent conformation (1) (Fig. 1) .
The latency transition provides a facile way to regulate PAI-1 activity. Physiologically, this regulation is achieved by binding to the cell adhesion factor vitronectin, leading to an ∼50% increase in the active state t 1/2 (3) . Because high levels of active PAI-1 are associated both with poor prognoses for some cancers, presumably due to interactions with vitronectin, and with cardiovascular diseases (1), PAI-1 inhibitors that accelerate the latency transition are under development (1, 4, 5) . However, drug design efforts are hampered by the lack of detailed molecular mechanisms for PAI-1 conformational changes. Numerous studies have identified mutations that either accelerate or retard the conformational transition, as well as antibodies that can accelerate latency. Despite these efforts, the molecular details of the latency transition and the residues involved in the key interactions that drive it are still unclear.
In principle, molecular dynamics (MD) simulations can aptly complement these experiments and provide an atomistic description of protein structural transitions. Unfortunately, even using the most powerful special-purpose supercomputer, MD simulations can only cover time intervals up to about a millisecond for polypeptide chains consisting of nearly 100 amino acids (6) , which are considerably smaller than PAI-1. Additionally, the PAI-1 active state has a t 1/2 of 1-2 h at 37°C (3), a time scale clearly beyond the reach of any present or foreseen conventional all-atom MD simulation.
In view of the computational limitations of MD, more sophisticated alternative algorithms have been developed and then applied to investigate rare biological transitions (an incomplete list is provided in refs. [7] [8] [9] [10] [11] . To date, the only attempt to simulate the active-to-latent transition in PAI-1 in atomic detail used the targeted MD algorithm (12) . Unfortunately, even application of a strong steering force to drive the protein toward the latent state did not result in a transition. To overcome this problem, an ad hoc intermediate structure was postulated and used as the target for the steered simulation. This procedure, however, resulted in trajectories that disagree with the results of kinetic experiments.
In this paper, we show that using the so-called "dominant reaction pathways" (DRP) (13-15) approach, it is finally possible to overcome the existing computational limitations and perform atomistic simulations of the active-to-latent transitions of several PAI-1 variants and of human α 1 -antitrypsin (A1AT), with mean first-passage times as long as several days. The DRP method is a path integral-based approach that yields the reaction pathways with the highest probability of being realized within Langevin dynamics. This scheme has been extensively tested against the results of MD protein folding simulations using both reduced (16, 17) and realistic atomistic force fields (15) . It was then successfully applied to much more complex processes, such as the folding of a natively knotted protein (14) .
Significance
Inhibitory serpin plasminogen activator inhibitor 1 (PAI-1) helps regulate blood clot clearance, and high levels of active PAI-1 are associated with poor cancer prognoses and cardiovascular diseases. PAI-1 transitions from an active form to an inactive, latent form via large structural rearrangements. Our simulations provide the first realistic atomistic characterization, to our knowledge, of this transition. They correctly predict the kinetic effects of mutations and explain why PAI-1 binding to specific molecules accelerates the transition. Structures from these simulations provide templates to design drugs that speed up the latency transition, with potentially important biomedical applications. Serpins are large proteins, and the first-passage times of the simulated conformational transitions are many orders of magnitude longer than the time intervals accessible using conventional molecular dynamics.
Simulating the serpin active-to-latent transition only involved a few tens of central processing units (CPUs) on a regular personal computing (PC) cluster, running for about 2 d. By analyzing the resulting pathways, we have characterized the reaction mechanism and validated it against available experimental data. Our simulations reveal the likely structure of the metastable prelatent intermediate whose existence has been inferred from experimental results (18) (19) (20) . They also predict the effects of mutations known to speed up or slow down the PAI-1 latency transition (21, 22) and demonstrate that the energy barriers between the active and latent states are very different for PAI-1, which readily goes latent, and A1AT, which rarely goes latent (23, 24) . Finally, DRP simulations also allow us to identify a small subset of amino acid residues involved in key favorable and unfavorable interactions during the transition.
Results DRP-based simulations of the latency transition were performed for three PAI-1 variants: WT, a stabilized PAI-1 variant; PAI1stab (N150H, K154T, Q319L, and M354I), a stable variant that goes latent more slowly than WT (21) ; and a destabilized variant, PAI-1destab (G38S and Q322H), with a faster latency transition (22) (Fig. S1 ). To gain further insight into what drives the latency transition, simulations were also performed for WT A1AT, which does not readily go latent (23, 24) . Despite the very low probability of the WT A1AT latency transition, the ratchet-andpawl biasing potential used in the DRP method allowed this transition to be simulated within a few thousands of CPU hours on a regular PC cluster.
Structural Intermediate Between the PAI-1 Active and Latent States.
Selected snapshots of the latency transition for WT PAI-1 are shown in Fig. 2A . The boxed structure is a long-lived intermediate that occupies a local minimum in the potential energy along the transition. In Fig. 3A , we plot the potential energy profile as a function of the Euclidean distance covered by the C α atoms along the reaction pathway. This distance was proposed as a natural reaction coordinate for conformational transitions (25) . In all of the PAI-1 simulations, the protein is trapped for an extended period in a local energy minimum located at ∼2,000 nm before proceeding to the latent state.
In the prelatent state detected in our simulations, strand 1C (s1C) has detached from sheet C and moved around the gate formed by β-strands 3C and 4C, sheet A is open between strands 3 and 5, and the RCL is inserted into sheet A up to P11 (Ser336) (Movies S1-S3). The transition from the active state to the prelatent state also seems to require changing the bend (intrahelical angle) in helix A (Fig. S2 ). These DRP results agree with a number of experiments suggesting that in solution, PAI-1 exists in equilibrium between a state resembling the active form seen in crystal structures and a prelatent state, whose exact structure remains a matter of conjecture (18) (19) (20) .
When the DRP-generated prelatent structure shown in Fig. 2A is used as the starting point for conventional MD simulations, the RCL tends to move up toward the gate region, whereas the gate appears to move down (Fig. 2B ). This finding In the active state, the RCL is solventexposed and s1C is hydrogen-bonded to β-sheet C. (Right) The active state contrasts with the latent state, where s1C is released from sheet C and the RCL is inserted into β-sheet A as the fourth strand in a now six-stranded, fully antiparallel β-sheet. The sequence of the RCL and s1C is shown below the structures. h, helix; s, strand. suggests that the exact conformation of the DRP-generated prelatent state is influenced by the biasing force used to generate the initial trial trajectories, and that alternate conformations may be obtained when the system is allowed to explore a larger configuration space. Such alternate conformations derived from equilibrium simulations may be more physiologically relevant. Experimentally, incubation of active PAI-1 with the antibody H4B3 has been shown to accelerate the latency transition in a concentration-dependent manner (20) . However, the epitope recognized by H4B3 is only accessible when s1C has detached from sheet C. Although this epitope is accessible in the latent state, in the prelatent state predicted by the DRP and in the prelatent conformations extracted from the equilibrium simulations described above, it is not accessible in the active conformation, suggesting that active PAI-1 is in equilibrium with a form in which s1C is detached. In this model, H4B3 binding prevents s1C reattachment, pushing this equilibrium away from the active form, and thereby facilitating latency.
In addition to antibodies, a number of small molecules are known to inhibit PAI-1 (26) . One of these molecules, AZ3976, binds to latent PAI-1 in a pocket between helices E and F (5) (Fig.  4) . It has been suggested that AZ3976 binding to the prelatent state prevents a return to the active conformation. Our simulations support this mechanism. Indeed, the top hit from randomly docking AZ3976 to the DRP-generated prelatent structure places AZ3976 in the experimentally identified pocket (Fig. 4) . By contrast, AZ3976 could not be docked to active PAI-1. Thus, AZ3976 and the antibody H4B3 likely use similar mechanisms to accelerate the latency transition: binding to epitopes revealed in the prelatent conformation and biasing the equilibrium toward the prelatent conformation.
We observe no long-lived partially RCL-inserted state in simulations of the WT A1AT latency transition, in agreement with the fact that there is no experimental evidence for the existence of an A1AT prelatent state. We emphasize that our simulation protocol included no assumptions regarding the existence of any metastable intermediate states and that the hypothetical prelatent state described here occurs spontaneously in the DRP simulations.
Overview of the Active-to-Latent Transition. In all four serpins, we observe that the conformational transition is initiated by overcoming a marginally activated enthalpy barrier of about 200 in units of thermal energy (k B T) associated with peeling s1C away from sheet C and moving the RCL around the gate. Notably, in the PAI-1 simulations, the removal of s1C, the opening of sheet A, and a large movement of the gate region all occur in a strikingly concerted manner (Movies S1-S3). By contrast, conformational changes for A1AT are much less concerted (Movie S4).
In PAI-1, after the RCL transits the gate region, the reaction proceeds downhill until the reaction coordinate reaches a value of ∼2,000 nm, corresponding to the prelatent state discussed above. This configuration is separated from the final latent state by a high-energy barrier. The structure of PAI-1 in the high-energy region is remarkably close to the final latent structure, with the RCL almost fully inserted. Progress at this point is blocked by steric clashes between the RCL and the loop from helix F to s3A. The final stage of the transition involves displacing this loop and helix F and inserting the final residues of the RCL (P6-P4) into sheet A. There is a notable twist in the bottom of s4A (the inserted RCL) immediately before formation of the final latent structure, with several unfavorable dihedral angles in the P6-P4 region (Fig. 5A ). In the final stage of the transition, this twist is relaxed and helix F simultaneously shifts its position to form closer contacts with sheet A (Fig. 5B ). These main chain motions are coupled to significant side-chain reorientations of Val341 and Val343 in s4A, which require significant repacking of the PAI-1 core. These processes are accompanied by a significant drop in energy, indicating that relatively subtle structural changes relieve a large amount of the PAI-1 conformational strain. Consistent with our results, recent studies of the A1AT inhibitory transition detected a long-lived intermediate state in which the RCL was almost fully inserted and concluded that the final stage of the transition involved movement of helix F (27) .
Reaction Kinetics. The experimentally determined t 1/2 s for the three PAI variants are summarized in the table reported in Fig. 3C . These data show that point mutations on PAI-1 can significantly affect the reaction kinetics by slowing or accelerating the rate of latency by nearly 10-fold. In contrast, without proteolytic cleavage, Fig. 3 . PAI-1 energy landscape shows pronounced minima for the prelatent and latent states. (A) Potential energy evaluated along the dominant pathways for PAI-1 WT (black curve), the PAI-1 variants (red and blue curves), and A1AT (brown curve) as a function of the total Euclidean distance covered by the C α atoms during the latency transition. The structure in the upper right corner corresponds to the PAI-1 prelatent state. To resolve the energy landscapes better, the plotted potential energies were averaged over 15 consecutive frames in the DRP trajectories. The Euclidean distance is de-
, where Ns is the number of frames in the dominant trajectory, N Cα is the number of residues in the protein, andx WT A1AT can remain in the active state for weeks (23, 24) . We now address whether our numerical simulations are compatible with these experimental t 1/2 s. The DRP approach focuses on the nonequilibrium reactive dynamics and is not directly applicable to compute free-energy barriers and reaction rates. However, it can still be used to infer qualitative predictions on the effects of mutations on the latency transition. In particular, we note that the behavior of the rmsd to native forms of the three variants shown in Fig. 3B correctly reproduces the ordering of lifetimes observed in experiments, predicting that the stab (or destab) mutations lead to a longer (or shorter) prelatent state lifetime. This feature is also reflected by the structure of the molecular energy profile along the Euclidean distance reaction coordinate l (Fig. 3A) . Indeed the barrier from the prelatent state to the latent state in the stab (or destab) mutant is higher (or lower) than that in WT PAI-1.
Let us now compare the energy profiles evaluated along the reaction pathway of PAI-1 and A1AT, which share 29% sequence identity. We recall that for A1AT, the transition to latency is highly disfavored (23, 24) compared with PAI-1. Consistently, we find that for A1AT, the overall energy change remains unfavorable for almost the entire reaction, long after moving the RCL around the gate region. In addition, the energy landscape does not display a deep minimum compatible with an on-pathway prelatent intermediate (Fig. 3A) . Interestingly, to our knowledge, the prelatent state has never been observed for A1AT. These differences in the A1AT and PAI-1 DRP trajectories provide insight into the physical origin of the different kinetic stabilities of these two proteins. In PAI-1, a large downward bending of s3C and s4C occurs before passage of the RCL around the gate. We note that similar downward bending motions are observed in our conventional MD simulations of the prelatent state, indicating that this gate bending is not an artifact of the DRP method (Fig. 2B) . In contrast, for A1AT, movement of the gate is concurrent with passage of the RCL, and the gate appears to be physically pushed out of its normal position by the RCL. Previous hydrogen/deuterium exchange measurements support the notion that the gate, including s3C and s4C, is more flexible in PAI-1 than in A1AT (28, 29) .
Our results on PAI-1 and A1AT indicate that the DRP method is able to distinguish between serpins that spontaneously undergo the transition to the latent state and those serpins that do not. To test this capability further, we have computed DRP trajectories for an A1AT destabilized variant, (A1ATdestab), which, unlike WT A1AT, readily goes latent and for which an X-ray crystal structure of the latent state is available [Protein Data Bank (PDB) ID code 1iz2] (24). Relative to WT A1AT, this variant contains 10 mutations: (i) the multi-seven mutations (F51L, T59A, T68A, A70G, M374I, S381A, and K387R) that stabilize active A1AT without compromising function (30); (ii) two naturally occurring variations (R101H and E376D); and (iii) the mutation in s1C, V364A, that increases the probability of the latency transition. Note that the variant containing just the multiseven mutations and the two naturally occurring mutations is similar to WT A1AT and does not readily go latent (30) . In Fig. 6 , we compare the energy profiles of WT A1AT, A1ATdestab, and WT PAI-1. We see that the mutations strongly affect the energy landscape of A1AT, making it qualitatively similar to the energy landscape of PAI-1, thereby explaining why A1ATdestab goes latent spontaneously.
We analyzed the evolution of the rmsd relative to the latent state of several secondary structures during the reaction. For almost all of the secondary structures considered, the evolution of this parameter is quantitatively similar in the two proteins. In contrast, a significant difference emerges for helix A. Indeed, whereas in A1AT, this helix remains close to its native configuration throughout the entire reaction, in PAI-1, helix A is unfolded in the early part of the reaction. This prediction is supported hydrogen/deuterium exchange MS experiments for PAI-1, where vitronectin binding both increases the active state t 1/2 and decreases exchange in helix A (29) . Similarly, for A1AT, the process of inserting the proteolytically cleaved RCL into sheet A is associated with increased exchange in this helix (31) . These results support the importance of helix A flexibility for serpin conformational changes. Even more notable is a recent hydrogen/deuterium exchange MS study that directly monitored the transition of PAI-1 from the active state to the latent state (32) . This study found evidence of cooperative unfolding of helix A and s5A during the transition. Further, although unfolding in helix A and s5A was slow (t 1/2 of ∼20 min), it was nevertheless much faster than the complete latency transition under the same conditions (t 1/2 of ∼450 min), indicating that disruption of these regions did not correspond to the rate-limiting step of the transition. This result is consistent with our simulations, where disruption of both helix A and s5A occur during the active → prelatent transition, whereas a significant additional barrier exists for the prelatent → latent transition.
Significant Interactions During the Conformational Reaction.
We now ask what interactions shape the underlying energy landscape and drive the transition. Decomposing the potential energy into Coulomb and van der Waals terms, we find that the initial transition from the active to the prelatent state is driven primarily by the formation of favorable Coulomb-type interactions, amounting to a total favorable ΔE Coulomb of −6.8 kcal/mol. These interactions in the prelatent state do not appear to be concentrated in any one region of the molecule. Interestingly, nearly 40% of the favorable Coulomb energy (−2.7 kcal/mol) is accounted for by only 16 residues, which are uniformly distributed throughout the sequence. We note that the favorable Coulomb energy is almost entirely lost during the transition from the prelatent state to the high-energy plateau region immediately preceding the final transition to the latent state (ΔE Coulomb = +6.8 kcal/mol), and that a large portion is regained during the final transition to the latent state (ΔE Coulomb = −6.2 kcal/mol). A similar trend is seen for the van der Waals energy, although the magnitudes of these changes are ∼50% smaller. At each stage of the transition, the same subset of residues makes the dominant contribution (Fig. S3 and Table S1 ). It is somewhat unexpected that the same subset of residues showing the largest favorable energy changes going from the active state to the prelatent state also show the largest unfavorable energy changes going from the prelatent state to the high-energy plateau region. These residues are not clustered in particular regions but are widely distributed, consistent with the hypothesis of "distributed strain" proposed by Seo et al. (33) . A statistically significant number of these residues (nine of 16) have previously been shown to play a significant role in function and/or disease (details and statistical significance are provided in SI Methods, Fig. S3 , and Table S1 ). This correspondence suggests that our simulations have identified residues that play important roles in mediating the latency transition. We note that Li et al. (34) recently identified a pocket at the interface of sheets B and C that appears to be important for PAI-1 function, and a number of this subset of energetically important residues (K176, F207, E226, G264, and T267) are clustered in this region.
Discussion
In the DRP PAI-1 simulations, a prelatent state appears to facilitate the active-to-latent transition. This result is consistent with several lines of experimental evidence, including binding of the H4B3 antibody to an epitope that is only revealed after s1C detaches from sheet C (20); cross-linking studies using doublecysteine mutants in the RCL and β-sheet A, indicating that PAI-1 samples conformations in which the RCL is inserted into sheet A up to at least P11 (Ser336) and perhaps as far as P8 (Thr339) (19) ; and FRET measurements indicating that the distance between P1 (Arg346) or P3 (Ser344) and the bottom of the molecule (∼Glu313) is considerably smaller than distances seen in crystal structures of the active form (19) . All of these experiments are consistent with the prelatent structure revealed in the DRP simulations (Fig. 2) . Binding of either the H4B3 antibody or the small-molecule AZ3976 appears to increase the rate of latency by altering this equilibrium and increasing the probability of occupying the prelatent state. The docking results show that AZ3976 can bind to the prelatent state and suggest that DRP-based structures of the prelatent state will be useful for computational drug screening.
As noted above, in PAI-1, s1C detachment is accompanied by the separation of s3A and s5A along their entire length. Although the simultaneity of s1C detachment and s3A-s5A separation may be exaggerated slightly by the nonequilibrium nature of the simulations, the concerted opening of sheet A is supported by a number of observations. It has been argued from crystal structures and mutagenesis data that vitronectin blocks the latency transition by sterically hindering the sliding of the lower portions of β-strands 1A and 2A into the gap between helices D and E (35) . In our simulations, this sliding occurs as s1C detaches and moves around the gate, whereas the RCL inserts between s3A and s5A up to P11. In none of our simulations do we see evidence of PAI-1 behaving in a manner similar to antithrombin III, where s3A and s5A separate at the top to accommodate partial RCL insertion, whereas the bottom of sheet A remains intact. If passage of s1C and partial RCL insertion require opening of the entire length of sheet A, then vitronectin should block not just the latency transition but also the active-to-prelatent transition. Experiments have shown that when PAI-1 is immobilized on vitronectin, the antibody H4B3 (which is thought to bind to the prelatent state) cannot bind (20) , suggesting that vitronectin does, in fact, prevent the transition to the prelatent state. Hence, this effect of vitronectin is rationalized by the concerted nature of the initial transition seen in our simulations.
Facile opening of sheet A in PAI-1 is also supported by the fact that it lacks a highly conserved hydrogen bond network at the center of the shutter region (22, 36) . The effects of this network are apparent if we compare the latency transitions of PAI-1 and A1AT (Fig. S4) . Early in the A1AT transition, it can be seen that although the upper and lower ends of s3A and s5A are separating, the center of these strands, the conserved hydrogen bond network, resists separation. In contrast, similar behavior is not seen in PAI-1, where the entire length of the strands readily separates (a more detailed discussion is provided in SI Methods). This full-sheet A opening is also consistent with the observation that, compared with A1AT, the amide hydrogens in sheet A in PAI-1 are more labile to exchange with deuterium, indicating weaker amide hydrogen bonds (28, 29) . Further support is also provided by the ability of an RCLderived peptide to bind between s3A and s5A at both the upper and lower ends, inhibiting PAI-1 activity (37). These results suggest both a role for the conserved network in stabilizing sheet A and that the concerted opening seen in PAI-1 is not an artifact of the DRP algorithm, because the algorithm does not find similarly concerted behavior in A1AT, despite structural similarities.
In conclusion, in this work, we have presented a theoretical/ computational study of the dynamical mechanisms involved in the conformational transitions of serpins from the biologically active, metastable state to the thermodynamically stable, latent state. Simulations using realistic force fields and all-atom models of PAI-1 have resulted in order of magnitude estimates for the relative acceleration and delay of the latency transition for different PAI-1 variants. The relative ordering of the time scales for the latency transition agrees well with the experimental results, where PAI-1stab has a significantly increased active-state lifetime, whereas the active-state lifetime of PAI-1destab is significantly decreased. The simulations also identify residues throughout the PAI-1 structure that are energetically important for the latency transition, and mutagenesis of the majority of these residues is associated with dysfunction and/or disease. Finally, the DRP simulations also provide strong support for the existence of an onpathway intermediate in the PAI-1 transition, which had been proposed in the past based on the analysis of FRET, disulfide cross-linking, and antibody binding experiments. The computational efficiency of these simulations and the size of the serpins suggest that the DRP method may be applied to study even larger systems and/or much slower reactions, thereby significantly decreasing the gap between protein processes that are computationally accessible and those protein processes that are biologically relevant.
Methods
Atomistic Force Field. Our atomistic DRP simulations were performed using the AMBER ff99SB force field in implicit solvent (38) , with generalized Born formalism implemented in GROMACS 4.5.2 (39) . The Born radii were calculated according to the Onufriev-Bashford-Case algorithm (40) .
Preparation of the PDB Files. The active and latent structures of the WT PAI-1 and A1AT were downloaded from the PDB. The corresponding PDB ID codes are as follows: 1oc0 [active PAI-1 (35)], 1dvn [latent PAI-1 (41)], 1qlp [active A1AT (42) ], and 1iz2 [latent A1AT (24) ]. The missing residues in the active structure of PAI-1 were modeled using the ModLoop package (43) and refined by RosettaBackrub (44) . Appropriate mutations were introduced to make sure that the corresponding sequences of the active and latent serpins were identical.
The PAI-1destab and PAI-1stab mutants were defined by the following residue substitutions: G38S/Q322H [PAI-1destab (22) ] and N150H/K154T/ Q319L/M354I [PAI-1stab (21) ]. These mutations were introduced into the active and latent WT structures. The coordinates of the mutated residues were provided by ModLoop (43) and refined by RosettaBackrub (44) , and the new structures were energy-minimized using GROMACS (39).
DRP Algorithm. The DRP approach applies to systems that can be described by the Langevin equation, which, in the overdamped limit and discretized (Ito) form, reads
In this equation, x k and D k are the position and diffusion constants of the kth atom, respectively. X(t i ) = [x 1 (t i ). . .,x N (t i )] is the position in configuration space at time step t i , U(X) is the potential energy, k B T is the thermal energy, and η k (t i ) is a memoryless white Gaussian noise with unitary variance acting on the kth atom. The probability density that a specific stochastic trajectory connecting a given initial state and final state in N t time steps is realized in the Langevin dynamics defined in Eq. 1 and is given by
The DRP algorithm is defined by the following two-step procedure. In the first step, a set of trial paths connecting the given initial and final configurations is generated using the ratchet-and-pawl MD (rMD) algorithm, introduced by Paci and Karplus (45) and Camilloni et al. (46) . Next, these trial paths are scored according to their probabilities to be realized in an unbiased Langevin simulation, using Eq. 2. This procedure returns the most probable path among the set of trial rMD reactive trajectories. The second step of the DRP procedure is very important, because it serves to minimize the effects of the bias. We emphasize that Eq. 2 provides a way to estimate the relative likelihood of the trial trajectories with the same boundary conditions (i.e., of paths that leave from the same initial conformation and are bound to reach the final conformation within the same time interval).
